Before organisms extract relevant information from olfactory cues, animals often actively sample the environment through sniffing, wing beating, or flicking of olfactory appendages. These processes serve to increase the local flow velocity and to facilitate the movement of chemical signals from the environment to receptor sites. Crustaceans flick their antennules to sample. While the kinematics of this process is beginning to be understood, modulation of antennular flicking in response to increases in ambient flow velocity or through stimulation from chemicals is unknown at this time. This manuscript details two studies that were performed to understand the kinematics on this behavior and their implications on sensory perception. In the first study, the kinematics of a flick from a restrained crayfish was analyzed in response to flow velocities of 1, 3, and 5 cm/s and in the presence and absence of odor at these three velocities. The second study sought to determine whether antennular flicking behavior changes as a function of crayfish's walking speed or in response to variations in odor source concentration. The first study clearly shows that flick kinematic parameters (flick acceleration, flick velocity, and flick angle deflection) are increased as the ambient flow is increased and are increased in response to chemical stimulation. The second study shows that bilateral antennular flicking is not performed during chemical orientation and that antennular flicking behavior does change as a function of walking speed of the crayfish or increases in source concentration.
INTRODUCTION
The chemical senses are unique among all of the senses in that the physical process of transmission through a medium at macroscopic scales (such as fluid flow) is independent of any inherent excitatory properties of the receptor-activating signal. This is not true for light, as the quality of light (spectral frequency or wavelength) directly influences different transmission impediments such as scattering, absorption, and attenuation (Jerlov, 1976; Shifrin, 1988) . In addition, the frequency (or wavelength) of a sound is a critical factor in determining propagation through various media (Clay and Medwin, 1977) and in the reflection and diffraction involved in echolocation (Griffin, 1986; Nachtigall and Moore, 1986) .
For chemoreception, there are only two physical processes that serve to move chemical signals through an environment; fluid flow (Vogel, 1983; Cheer and Koehl, 1987b; Koehl, 1993 Koehl, , 1995 Koehl, , 1996 Moore and Crimaldi, 2004; Webster and Weissburg, 2009 ) and molecular diffusion (DeSimone, 1981; Futrelle, 1984) . The relative roles that each of these two processes play in dispersing chemicals can be quantified by the Peclet number (ul/D m ), where u is fluid velocity, l is the characteristic length scale taken along the direction of fluid flow and D m is the molecular diffusion coefficient (Denny, 1993) . Diffusion coefficients for amino acids in * Corresponding author; e-mail: pmoore@bgsu.edu water, which are typical aquatic feeding signals, range from 0.5 × 10 −5 to 2 × 10 −5 cm 2 /s (Reid et al., 1987) . For average flow situations in an aquatic environment (>1 cm/s) and for macroscopic size scales (>100 μm), flow is the dominant dispersal process.
The optimal method for initially characterizing the forces involved in any flow situation is to calculate the Reynolds number of the flow field (Vogel, 1984) . The Reynolds number (Re = ul/ν) is an indicator of the relative importance that viscous or inertial forces play in determining the type of fluid motion. When Re is high, flow is turbulent and turbulent mixing (which is a rapid process) occurs. Conversely, a low Re indicates that either laminar or highly viscous flow is present and turbulence is absent. For most macroscopic animals, flows are turbulent and thus chemical signals have a dynamic spatial and temporal structure.
Finally, sensory appendages placed within a moving fluid (either air or water) will have an associated boundary layer, where any fluid in direct contact with the surface of a solid does not move relative to that surface (Schlicting, 1979; Denny, 1993; Vogel, 1994) . The structure of a boundary layer will be the result of two different physical processes. First, the boundary layer structure is highly dependent upon the morphological features of the surface placed within the flow (Schlicting, 1979) . In the case of sensory organs, these features include sensory and non-sensory hairs and their orientation relative to the flow field. Second, the boundary layer structure depends upon the relative motion of the surface (sensory appendage) and the surrounding media (Cheer and Koehl, 1987b; Koehl et al., 2001; Stacey et al., 2002; Pravin et al., 2012) . The relative motion is important because many sensory appendages make distinct movements, called "sampling behaviors," that change the structure of the boundary layer and may help facilitate chemical access to receptor cells (Døving et al., 1977; Cheer and Koehl, 1987b; Moore et al., 1991; Gleeson et al., 1993; Stacey et al., 2002; Reidenbach et al., 2008; Reidenbach and Koehl, 2011) . These behaviors can range from antennular flicking in decapod crustaceans (Snow, 1973; Atema, 1985) , moving water by ciliary processes or mouth movements in fish (Døving et al., 1977) , antennal vibrating by insects (Schneider, 1964) , and sniffing by vertebrates (Thesen et al., 1993; Schwenk, 1995) . In all of these situations, increased fluid flow (either air, or water) serves to increase the transport of chemicals to receptor cell surfaces presumably by decreasing the thickness of the boundary layer. While all of these authors have recognized the importance of these behaviors in defining the characteristics of chemical signals, there has been little quantification of the effect of fluid flow and presence of odor on the kinematics of sampling behavior.
Boundary layers and antennular flicking can act to alter the temporal and spatial structure of information arriving at receptor cells (Moore et al., 1991 (Moore et al., , 1992 Koehl, 1993 Koehl, , 1995 Koehl, , 1996 Schneider et al., 1998; Reidenbach and Koehl, 2011) . Given the importance of this information, some control over the amount or type of filtering produced by antennular flicking could be advantageous to organism's attempting to extract ecologically relevant information. Differences in antennular flicking (and hence filtering) have been found across species (Goldman and Patek, 2002) and have found across the growth rate of organisms (Mead et al., 1999) . At the neural level, the frequency of antennular flicking is dependent upon sensory input, although the kinematics of the antennular flicking were not measured (Mellon, 1997) . Modulation of the kinematics of antennular flicking in response to environmental changes has not been shown.
Decapod crustaceans provide a convenient model for initial studies of sampling behavior on the microscale signal transport due to the breadth of understanding on sensory appendage ultrastructure (Ghiradella et al., 1968; Laverack, 1988) , receptor cell physiology (Schmitt and Ache, 1979; Johnson and Atema, 1983; Ache and Zhainazarov, 1995) , and the different behavioral functions of the chemosensory organs (Derby and Atema, 1982; Devine and Atema, 1982) . The current studies had several aims. First, we sought to determine if the kinematics associated with antennular flicking, such as flick angle, flick velocity, and flick acceleration, was affected by both the presence of odor and/or changes in ambient flow speed of the medium. These measures were chosen because these kinematic measures influence the transportation of chemical signals to receptor sites. Second, we analyzed whether crayfish sample odor plumes bilaterally, i.e., flick bilaterally, which has implications for how crayfish extract spatial and temporal information from odor plumes. Third, we tested whether increases in source concentration and changes in walking speed altered flick rate, which has implications for crayfish perceived odor concentrations.
MATERIALS AND METHODS

Animals
Intermolt male crayfish, Orconectes rusticus (Girard, 1852 ) (kinematic study: 8.4 ± 0.5 g, mean ± SEM; sampling study: 11.5 ± 0.5 g, mean ± SEM) with intact olfactory appendages used in this study were collected from the Portage River near Bowling Green State University in Bowling Green, OH, USA (all values following the ± symbol are SEM). Crayfish were considered to be intermolt if there was no molting for 2-3 weeks after experimentation and 1 week prior. All crayfish were stored in individual containers with a diameter of 16 cm and a depth of 9 cm. Crayfish were visually and mechanically isolated for a minimum of 72 hours in a recirculating housing tank with an average temperature of 25°C and a light cycle of 14:10 light:dark before use. The crayfish were fed one pellet of dried rabbit food (0.01 g) three times per week.
Lateral Antennule Dimensions and Configuration
The lateral antennule of the crayfish, O. rusticus, consisted of 25-30 segments per antennule with each segment between 0.028-0.030 cm in length (the average length of the antennules on the crayfish used in both studies was 0.95 ± 0.04 cm). The diameter of the antennule was 0.0225 ± 0.0009 cm. Aesthetasc hairs (chemosensory structures) are located only on the distal 12-13 segments with each segment containing two rows of six aesthetasc hairs each. Each aesthetasc was 0.002 ± 0.0002 cm in diameter and 0.01 ± 0.004 (mean ± SEM) in length.
Stimulus
The stimulus for all trials was homogenized fish (kinematic study: haddock 5 g/l (5.6 ± 0.06 g); sampling study: perch 5 g/l (5.0 ± 0.2 g), 10 g/l (10.4 ± 0.1 g) and 20 g/l (20.0 ± 0.03 g)) in 1 l of dechlorinated water. Crayfish exhibit successful chemical orientation to the range of concentrations used in this study and exhibit antennular flicking behavior during chemical orientation (Moore and Grills, 1999) . The odor source was made fresh each day and strained twice through a 60 μm (No. 230) mesh sieve. Odor was administered through a glass pipette (inside tip diameter: 1 mm) and gravity-fed through a No. 4 Manostat ® steel-ball flowmeter (serial No. 36-541-215) at a rate of 0.5 ± 0.05 ml/min, 1.5 ± 0.05 ml/min and 2.5 ± 0.05 ml/min for the 1, 3 and 5 cm/s flow velocities used in the kinematic study and 0.4 ± 0.05 ml/min for the sampling study. These odor source velocities where chosen to match the ambient flow of the flumes being used (see below). The odor delivery pipette was perpendicular to the upstream collimator, 53 cm upstream from the crayfish in the kinematic study and 70 cm upstream from the crayfish in the sampling study.
Kinematic Study
Flume.-All trials were conducted in a 16 l recirculating flume (complete dimensions: 91 × 14 × 13 cm; working section: 58 × 14 × 11 cm). The flume was constructed using glass sheets for the walls of the flume and a metal frame. Plastic drinking straws were used as collimators at the upstream and downstream ends (5 cm thick). Average flume temperature was 22.6 ± 0.1°C. Flow was controlled with a variable transformer driving a boat propeller. Flow speed was measured in the middle of the working section of the flume using a Marsh-McBirney ® Model 2000 Portable flow meter. Ten crayfish were used in each treatment (1, 3 and 5 cm/s flow speed) and each crayfish was used only once.
Testing Methods.-On the day of testing, the crayfish were restrained and a nylon screw (with the head of the screw towards the carapace) was glued to the carapace. Points of reflective paint (Testers silver paint) were positioned along the lateral antennules and on the rostrum (Fig. 1) . A total of 9 points were painted on each crayfish. There were four points on each lateral antennule and a common point located at the tip of the rostrum. The four points on each of the lateral antennules were (from distal to proximal): tip of the antennule (tip), at 75% along the length of the lateral antennule (mid), at 50% along the length of the lateral antennule (end), and at 0% along the length of the lateral antennule (base). Since the majority of the sensory aesthetasc hairs are located distally along the antennule, points were concentrated along the distal 50% of the lateral antennule. Care was taken to position the points equidistantly on both antennules. When the painted Fig. 1 . Image showing the crayfish cephalothorax with the lateral and medial antennules. White circles indicate location of marked points for later digitization. Points were placed on both the right and left lateral antennules. Points on antennule are as follows: tip, mid, end and base. One point was also placed on the rostrum. This figure is published in colour in the online edition of this journal, which can be accessed via http://booksandjournals. brillonline.com/content/1937240x. points and glue were dry, the screw on the carapace of the crayfish was positioned into a piece of wood that was then placed in the flume. The piece of wood and crayfish were held stationary with a clamp at a level that allowed the crayfish's walking legs touching the flume bottom. Crayfish were allowed to acclimate to temperature and flow for 15 minutes before beginning a trial. Crayfish were videotaped from the side using a Sony ® digital video camera recorder. Trials consisted of videotaping the crayfish from the side for 45 s pre-odor and 45 s post-odor. Crayfish were used once for each of the flow speeds and the two stimulus conditions (odor and no odor). A total of 10 crayfish were used in this study.
Data Analysis.-The Peak Motus ® Motion Analysis System was used to digitize all video. Every video field was digitized producing a digitizing rate of 60 points/s. Twelve flicks from each crayfish (six pre-odor and six postodor) were randomly selected and used in the subsequent analysis of each parameter for a total of 120 flicks. A flick was defined to be any movement of the antennule greater than or equal to the velocity of 1 cm/s. Kinematic parameters for analysis were chosen based on those physical measures that influence the movement of chemical signals from the environment to the microenvironment around receptor cells. These parameters, primarily involved in describing the Peclet and Reynolds number, include linear velocity (measurements were calculated from coordinates of the end point), linear acceleration (measurements were calculated from coordinates of the end point), and flick angle (angle measured between the points -tip, base, and rostrum) ( Fig. 1 ). Physical measurements that can influence how animals sample odor plumes were also quantified. These include total number of flicks, and time between flicks. Maximum flick velocity, maximum flick acceleration and angle of deflection were statistically analyzed. Flick angles showed tremendous variability in their starting point, thus all angles were normalized so that the starting angle of each was zero. This was performed by subtracting the starting angle for each flick by the subsequent angular value. A two-way MANOVA (with odor and flow velocity as independent factors) with Tukey-HSD post-hoc analysis was used for statistical analysis on the kinematics of a flick, time between flicks, and overall pre-and post-odor flick rate.
"Bilateral sampling" was defined as when a flick was followed in time with a flick on the contralateral side. To be as liberal as possible with the idea of bilateral sampling and due to the lack of information on bilateral integration times for the crayfish central nervous system, we did not set any time frame over which the two contralateral flicks must occur. Four different types of sampling events were categorized: LL (left flick followed by left), LR (left followed by right), RL (right followed by left), and RR (right followed by right). The number of sampling events (LL, LR, RL, RR) for each animal at each flow velocity and each odor treatment was analyzed using a three-way MANOVA (with odor, flow velocity, and sampling events as independent factor and number of flicks within a sampling category as the dependent factor) with Tukey-HSD post-hoc analysis.
Sampling Study
Flume.-Trials were conducted in a 49 l unidirectional flow-through flume (complete dimensions: 122 × 20 × 20 cm; working section: 79 × 20 × 20 cm) constructed of Plexiglas. Water was gravity-fed into the flume from a 29 l elevated reservoir (dimensions: 32 × 18 × 50 cm; located 30.5 cm above the flume). A collimator of plastic drinking straws (length of collimator: 2.5 cm) was 73 cm upstream from the farthest downstream end of the tank. Gravel (0.1 ± 0.02 cm; N = 20) was glued to the bottom of the flume. Average temperature of the flume was 20.3 ± 0.3°C. The flow speed in the channel was 0.8 ± 0.06 cm/s. Testing Methods.-Crayfish were placed in the flume to acclimate to temperature and flow for 15 minutes. After the acclimation period, if the crayfish were not at the downstream end of the flume the research placed the animals at that position. After the acclimation period, odor was released into the flume and the crayfish was allowed to chemically orient to the odor source. The stimulus was gravity-fed through a flowmeter (No. 4 Manostat ® steel-ball) at a rate of 18.6 ml/min. Crayfish were videotaped from the side using a Sony ® digital video camera recorder for the duration of their orientation path to the source or upstream (in the case of controls). Once the crayfish reached the upstream collimator, the trial was concluded and the crayfish was removed from the flume. Water was then allowed to flush through the tank for 10 minutes before the next acclimation period. Preliminary dye trials showed that all visible traces of the dye were cleared in 10 minutes of rinsing with clean water. Twenty different crayfish were used in each concentration treatment: control (no odor), 5 g/l perch, 10 g/l perch, or 20 g/l perch. Data Analysis.-All trials were analyzed from video. Parameters analyzed for each treatment were overall changes in flick rate with distance from source, changes in walking speed as a function of distance to the source, and the relationship between walking speed and flick rate. A two-way MANOVA with Tukey-HSD post-hoc analysis (with odor concentration and flume segment as factors) was used to analyze flick rate between concentration differences, changes in flick rate with distance from the source, and changes in walking speed with distance from the source with differing concentrations.
RESULTS
Kinematic Study
Impact of Ambient Flow Velocity on Flick Kinematics.-Flow speed significantly altered the kinematics of a crayfish flick (Two-way MANOVA; P < 0.001; Figs. 2, 3 and 4). Maximum flick velocity was significantly increased at ambient flow velocities of 3 cm/s (1.0 ± 0.1 cm/s) and 5 cm/s (1.2 ± 0.3 cm/s) as compared to 1 cm/s (0.6 ± 0.1 cm/s) (Two-way MANOVA; N = 120, P < 0.001). No statistical differences were found between maximum flick velocity at Maximum flick acceleration was significantly increased at 3 cm/s (46.7 ± 4.6 cm/s 2 ) compared to 1 cm/s (25.3 ± 2.6 cm/s 2 ) (Two-way MANOVA; N = 120, P < 0.0001) and maximum flick acceleration was significantly increased at 5 cm/s (58.9 ± 3.6 cm/s 2 ) compared to 1 cm/s (25.3 ± 2.6 cm/s 2 ) flow velocity (Two-way MANOVA; N = 120, P < 0.001). There was no significant difference between maximum flick acceleration in the 3 cm/s (46.7 ± 4.6 cm/s 2 ) and 5 cm/s (58.9 ± 3.6 cm/s 2 ) flow velocity groups (Twoway MANOVA; N = 120, P = 0.77; Fig. 3 ).
Maximum flick angle deflection significantly increased with increasing flow velocity (Two-way MANOVA; N = 120, P < 0.01) (Fig. 4) . Maximum angle deflection at 1 cm/s (−6.5 ± 1.5°) was significantly different from the maximum angle deflection at 5 cm/s (−10.6 ± 6.9°) (Two-way MANOVA; N = 20, P < 0.01). Maximum angle deflections were not significantly different between 1 cm/s (−6.5 ± 1.5°) and 3 cm/s (−8.4 ± 2.9°) (Twoway MANOVA; N = 120, P = 0.14) and between 3 cm/s (−8.4 ± 2.9°) and 5 cm/s (−10.6 ± 6.9°) (Two-way MANOVA; N = 120, P = 0.53).
Impact of Odor on Flick Kinematics.-As with ambient flow speed, the presence of odor significantly altered the three kinematic parameters measured in this study. Maximum flick velocity (pre-odor at 1 cm/s ambient: 0.6 ± 0.1 cm/s; post-odor: 0.9 ± 0.09 cm/s; Two-way MANOVA; N = 120, P < 0.001; Fig. 2 ), maximum flick acceleration (pre-odor: 19.9 ± 2.0 cm/s 2 ; post-odor: 25.3 ± 2.6 cm/s 2 ; Two-way MANOVA; N = 120, P < 0.001; Fig. 3 ), maximum flick, and maximum flick angle deflection (preodor: −5.0 ± 0.7°; post-odor: −6.5 ± 1.5°; Two-way MANOVA; N = 120, P < 0.01) significantly increased when the crayfish was presented with an odor as compared to pre-odor. Odor presence significantly impacted maximum flick angle deflection by causing a greater deflection in post- odor treatments (Two-way MANOVA; N = 120, P < 0.01; Fig. 4 ).
Impact of Odor on Sampling.-Sampling behavior, measured through flick rate, was significantly impacted by the presence of an odor source and by increases in flow speed. Time between subsequent flicks significantly decreased post-odor in all treatments as compared to pre-odor values (Two-way MANOVA; N = 120, P < 0.001, Fig. 5) . Also, in a related measure, the overall number of flicks significantly increased post-odor in all flow treatments compared to pre-odor flick rates (Fig. 6) . Overall significance was found between pre-and post-odor treatments at all flow speeds (Two-way MANOVA; N = 120, P < 0.001). Interestingly, there was no significant difference in the time between flicks for any flow velocity during the post-odor treatment.
Statistical analysis of the categorized flicks (LL, RL, etc.) showed an equal distribution of flicks between the four different categories (Three-way MANOVA; N = 120, P > 0.05; Fig. 7) . Crayfish were equally likely to follow a flick with another flick on the ipsilateral side compared to a flick on the contralateral side indicating that crayfish do not preferentially flick antennules in a bilateral manner. 
Sampling Study
Effects of Concentration on Flick Rate.-Overall, control crayfish flicked significantly less often while walking than crayfish orienting to an odor source (Two-way MANOVA; N = 80, P < 0.05, Fig. 8 ). In addition, crayfish flicked less often closer to the odor source as opposed to farther away (Two-way MANOVA; N = 80, P < 0.001). The change in flick rate as a function of distance from the odor source did not change when the concentration of the odor source was changed (Two-way MANOVA; N = 20, P > 0.85).
Effects of Concentration on Walking
Speed.-Control crayfish walked more slowly than those orienting to an odor source and as concentration increased, crayfish tended to walk slower to the odor source (Two-way MANOVA; N = 20, P > 0.03; Fig. 9 ). There was no significant difference found with walking speed and distance from odor source as well as no significant differences in the interaction between odor concentration and distance from the odor source.
DISCUSSION
Kinematics
These results clearly show that the presence of odor and changes in flow speed modulate the antennular flicking behavior in the crayfish, O. rusticus. This study demonstrates three distinct effects on olfactory sampling. First, the pres- Each point is mean ± SEM the number of flicks while walking for N = 20 per each 10 cm segment of flume. Significant differences were present between concentration groups for the total number of flicks while walking: control and 10 g/l (P < 0.001), control and 20 g/l (P < 0.001), 5 g/l and 10 g/l (P < 0.01) and 5 g/l and 20 g/l (P < 0.001). This figure is published in colour in the online edition of this journal, which can be accessed via http://booksandjournals.brillonline.com/content/1937240x. ence of odor increased the sampling rate by decreasing the time between flicks. This would result in more olfactory samples during periods of odor stimulation and may be important for acquiring critical olfactory information from the environment. Second, the presence of odor increased the velocity and acceleration of the flicks and increased the deflec- Fig. 9 . Walking speed per distance traveled for source concentration treatments. Each point is mean ± SEM walking speed for N = 20 per each 10 cm segment of flume. Significant differences were present between concentration treatments with regards to changes in walking speed (P < 0.03). Significant differences were also found between concentration groups in flume segments. Ten cm from odor source: 5 g/l and 20 g/l (P < 0.01), 5 g/l and 10 g/l (P < 0.02). Twenty cm from the odor source: controls and 20 g/l (P < 0.001). This figure is published in colour in the online edition of this journal, which can be accessed via http:// booksandjournals.brillonline.com/content/1937240x. tion angle. Third, crayfish changed their antennular flicking kinematics as a result of changes in ambient flow velocities regardless of the presence of odor. While crayfish flicked less often at higher flow speeds, maximum flick velocity, acceleration, and angle deflection all increased as flow velocity increased. These changes in antennular flicking kinematics have potentially important implications for olfactory processes.
Any solid, including sensory appendages, placed into fluid flow has a boundary layer associated with its surface (Schlicting, 1979; Vogel, 1994) . Increases in the relative flow velocities, the velocity difference between the appendage and fluid medium, decrease the boundary layer thickness and alters both the local Reynolds number and Peclet number (Vogel, 1994) . Changes in the relative contribution of diffusion and fluid flow, as indicated by the Peclet number, and changes in the fluid dynamics in the microscale environment of the receptor cells, as indicated by the Reynolds number, will alter chemical dispersion dynamics (Moore et al., 1991; Koehl et al., 2001; Moore and Crimaldi, 2004; Reidenbach et al., 2008) .
The boundary layer surrounding a receptor structure and the antennular flicking associated with an olfactory appendage acts as a filter for incoming odor signals (Moore et al., 1991 (Moore et al., , 1992 Reidenbach et al., 2008) . Several parameters associated with the neural coding of odor signals are altered by the boundary layer (Reidenbach and Koehl, 2011) . Most notably, pulse amplitude, pulse duration, and onset slope are changed as odors move through thick boundary layers. Changes in antennular flicking kinematics as a result of either flow velocity or presence of odor (Figs. 2, 3, 4) will further alter the temporal dynamics of odors near the receptor sites (Goldman and Koehl, 2001) . Thus, by actively modulating antennular flicking kinematics, crayfish are altering boundary layer structure and thickness in response to environmental conditions (flow and odor).
As crayfish alter antennular flicking kinematics, the temporal and spatial dynamics of odor signals arriving at receptor cells should also be altered. In particular, crayfish increase their antennular flicking velocity by close to 100% at the highest flow speeds tested (5 cm/s). This increase will result in a boundary layer that is roughly 50% thinner. Odor pulses traveling through the thinner boundary layer at this higher flick rate could have twice as high of concentrations and a tenfold increase in the temporal dynamics (see Fig. 6 in Moore et al., 1991 and similar Figs. 6 and 7 in Pravin et al., 2012) . In addition, boundary layers act as a low pass filter for turbulent odor signals, thus increasing flick velocities and decreasing boundary layer thickness will allow higher frequency odor signals to arrive to the receptor cells.
Boundary layers and antennular flicking have been called a physical filter in that the physical structure of the boundary layer filters the kinds of chemosensory information that arrive at receptor cells (Moore et al., 1991 (Moore et al., , 1992 Koehl, 1993 Koehl, , 1995 Koehl, , 1996 Schneider et al., 1998; Reidenbach and Koehl, 2011) . Goldman and Patek (2002) found that different species of palinurid lobsters have different antennular flicking strategies, i.e., long antennules and slow flick rates in Panulirus argus (Latereille, 1804) versus short antennules and fast flick rates in Panulirus elephas (Fabricius, 1787) , to compensate for morphological differences. Mead et al. (1999) found that as stomatopods grow and the size of their antennules change, animals modulated their antennular flicking behavior to accompany both morphological and behavioral changes associated with growth and maturation to keep Reynolds number constant. Although these studies show changes in antennular flicking behavior, these changes are usually attributed to either size or species differences. Our results demonstrate that crayfish modulate their sampling behavior as a result of environmental variables (ambient flow or presence of stimulus). In addition to controlling the amount of physical filtering performed by the boundary layer, crayfish modulate the inter-flick intervals and thus, alter the rate at which odor plumes are sampled. Crayfish live in a variety of lotic and lentic habitats which have habitat specific chemical signal information (Moore et al., 2000) . Having a variable flick velocity will enable crayfish to alter their olfactory sampling in response to environmental changes. Behaviorally, modulating flick velocities in higher ambient flow rates could allow crayfish to resolve the higher frequency fluctuations that are present in more turbulent flows (Webster and Weissburg, 2009) . Although the exact temporal resolution of aquatic chemoreceptors is unknown, typical stream odor plumes contain turbulent fluctuations between 0.01 to 10 Hz (unpublished data). Higher flick velocities would allow crayfish to resolve the 5-10 Hz signals present within turbulent odor signals in high flow streams.
Thinning the boundary layer by increasing flick velocity should increase the temporal dynamics of odors as these stimuli arrive at receptor cells (Stacey et al., 2002) . Cheer and Koehl (1987a, b) determined that the performance of hair-bearing sensory appendages to act as molecular filters was dependent upon the movement of the surrounding fluid relative to the hairs. Therefore, changes in both flow speed and antennular flicking kinematics increases the rate at which the crayfish acquires chemical information from the environment by facilitating receptors access to stimuli. Increases in flow speed, flick velocity, and flick acceleration cause changes in the temporal dynamics of the chemical signal received by the animal due to the decrease in time needed for the odor to contact the receptor. Furthermore, a steeper velocity gradient near the surface of the hair leads to a steeper concentration gradient and greater rate of molecule encounter by the receptor hairs due to diffusion (Koehl, 1996) . In short, through physical forces related to fluid flow around the antennule and receptors, antennular flicking enhances the chemical information available to the animal by modifying temporal aspects and concentration gradients of the odor signal.
Behavior
Results also show that odor presence increased the total number of flicks across flow speeds. However, as flow speed increased, the number of total flicks decreased between treatment groups. This shows an interaction between odor and flow speed as well as a mechano-and chemosensory feedback control of flick rate. As stated above, this feedback will control how crayfish sample odor plumes.
Previous researchers (McLeese, 1973; Webster et al., 2001 ; Kraus-Epley and Moore, 2002; Weissburg et al., 2002) have suggested that bilateral sampling or bilateral chemosensory information is necessary for some species of crustaceans to effectively orient to odor sources. Our results do not support the hypothesis that antennular flicking is used to enhance bilateral odor comparisons. Crayfish are just as likely to flick the contralateral antennule as the ipsalateral antennule. These two factors, non-bilateral sampling and inter-flick interval, hold implications for the types of information that can be extracted from turbulent odor plumes and thus the orientation mechanism that is being employed. For example, if crayfish were performing a pure chemotaxis during orientation, bilateral chemical information from spatially-separated receptors would be required (Fraenkel and Gunn, 1961) . If crayfish are extracting bilateral information from antennular flicking, we would expect that left and right antennular flicks would be sequentially correlated in time. Our results show that this is not the case. There are other chemoreceptors that could provide bilateral information, and there is the possibility of crayfish receiving slow and low intensity chemical information from nonflicking antennules.
Our current results have shown that bilateral antennular flicking does not occur within our experimental approach. Other workers (including work in this lab) has assumed that crayfish and other decapod crustaceans flick and sample bilaterally within turbulent odor plumes (Devine and Atema, 1982; Atema, 1996; Moore et al., 1999; Kraus-Epley and Moore, 2002; Weissburg et al., 2002; Reidenbach and Koehl, 2011) , but they have failed to actually measure the correlation of antennular flicking between left and right sensory appendages during chemically stimulated behavior. It is possible that bilateral information is available from other sensory appendages (medial antennules) or even through nonflicking lateral antennules and crustaceans may still use sensory information across spatially distributed receptors for localizing odor sources. More focused research that examines which appendages are necessary for chemically mediated behaviors and how those appendages sampling odor signals in space and time is needed to definitively answer questions about the availability of bilateral odor information for crustaceans.
Antennular flicking causes changes in temporal information gathered by the animal due to changes in sampling rates, namely increased flick rate and decreased boundary layer thickness around receptors due to increased flick velocity. Spatial and temporal changes in the odor signal have been shown to be useful in orientation behaviors (Moore et al., 1991; Atema, 1996; Moore and Grills, 1999; Moore et al., 2000; Keller et al., 2001; Kraus-Epley and Moore, 2002; Weissburg et al., 2002) . Changes in the temporal signal structure induced by antennular flicking could possibly impact overall orientation behavior of the animal, specifically temporal aspects of orientation including walking speed by decreasing the time needed for odor molecules to reach receptors. Furthermore, the present results provide insight into the types of information that are used in orientation, including temporal source information and concentration cues, as well as what orientation mechanism is being employed (i.e., crayfish do not sample bilaterally and, therefore, do not re-quire bilateral information from spatially-separated receptors).
